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Abstract
The near-net shape manufacturing capabilities of squeeze casting process have greater potential to achieve smooth uniform 
surface and internal soundness in the cast components. In squeeze casting process, casting density and surface finish is influenced 
majorly by process variables. Proper control of the process variables is essential to achieve better results. Hence in the present 
work an attempt made using taguchi method to analyze the squeeze cast process variables such as squeeze pressure, die and 
pouring temperature considering at three different levels using L9 orthogonal array. Pareto analysis of variance performed on 
each response to find out optimum process parameter levels and significant contribution of each individual process parameter 
towards surface roughness and density of LM20 alloy. Grey relation analysis used as a multi-response optimization technique to 
obtain the single optimal process parameter setting for both the responses surface roughness and casting density.
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1. Introduction
In today’s competitive manufacturing environment industries are trying to search for light weight materials with 
high strength, recycling potential materials, near net shape casting process, reduce vehicles weight, fuel and energy 
consumption for better environmental protection for future generations. Aluminium considered being second lightest 
material next to magnesium widely used in aircraft application [1]. Silicon (Si) used as the major alloying element in 
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aluminium alloy because of its excellent fluidity, low density, abrasion resistance, cost effective, easily available and 
reduces the melting temperature [2]. Copper (Cu) and magnesium (Mg) alloying elements were mandatory to
improve strengths of Al-Si alloys [3]. Manganese (Mn) enhances the internal soundness of the casting, Titanium acts 
as grain refiner to refine micro-structures, Iron (Fe) improves the strength and reduces die sticking. Nickle (Ni) 
reduces the co-efficient of thermal expansion and when combines with copper it enhance the strength at elevated 
temperature [4]. Al-Si-Cu-Mg-Ni combination alloy possess better casting characteristics and rate of solidification, 
minimum porosity, good structural integrity, modifies eutectic silicon particles, excellent mechanical properties and 
refined micro as well as macro-structure properties, when the casting made of these combination alloys [5].  
Squeeze casting is one among the modern casting process developed to address the limitations of conventional 
casting processes such as shrinkage or gas porosity, use of runners and gates leads to material wastage, difficult to 
cast wrought aluminium alloys and to make die constructions simpler. The near net shape manufacturing capability 
of the squeeze casting process need to produce the component that can be immediately used in services and would 
not add costly secondary processes such as machining, polishing, shot blasting, plating and ball burnishing. However 
the most common defects that might occur during squeeze casting process such as hot tearing, minimum porosity, 
oxide inclusion, under filling/overfilling, cold laps, case debonding and segregations [6]. These defects need to be 
reduced because it influence majorly on casting density and surface finish of the processed alloy. Superior surface 
finish is of primary importance to enhance the tribological, fatigue, corrosion properties and finally aesthetic 
appearance of the casted product. Casting density need to be considered as one of the quality characteristics because 
it directly relates to the internal casting defects such as porosity, shrinkages and micro-voids. The amount of porosity 
content present in the casted samples decreases the available load area, provoke stress concentration and crack 
initialization resulting in poor tensile strength and ductility of the alloy [7]. The physical and mechanical properties 
of aluminium alloy majorly depends on chemical composition, casting process, solidification, cooling rate during 
and after solidification, heat treatment and post solidification disinfection [4]. However for heat treatment and post 
disinfection adds additional cost and must be balanced with the properties gained. Hence in the present work for the 
particular casting material (LM20 alloy) using advanced squeeze casting process an attempt being made to
investigate the effects of squeeze cast process variables on casting density influenced by cooling rate during 
solidification and surface finish after solidification.
In recent years use of statistical methodology to analyze the effect of squeeze cast process parameters were 
increasing because to obtain the optimal process parameter setting with minimum number of experiment conduction, 
reduce expert dependent trial and error method leads to material wastage, to avoid costly simulation software both in 
terms of computation time, high capital investment in purchase of simulation software and need of experts to 
interpret the simulation results. Shi-bo Bin et al., (2013) analyzed the effects of pouring temperature, die 
temperature, filling velocity and forming pressure on tensile strength, percentage elongation and hardness of squeeze 
cast AlSi9Cu3 alloys using taguchi method [8]. An attempt made by Vijian and Arunachalam (2007) to investigate
the effects of influencing process variables such as applied pressure, die temperature and pressure duration on 
hardness and ultimate tensile strength of squeeze cast LM24 alloy utilizing taguchi technique [9]. Senthil and 
Amrithagadeswaran (2012), focussed to improve the ultimate tensile strength and hardness of AC2A alloy by 
controlling the influencing process variables namely die temperature, die insert material (Copper, brass, stainless 
steel and hot die steel), pouring temperature, squeeze pressure and pressure duration by employing the taguchi 
parametric design tool [10]. Vijian and Arunachalam (2007) obtained the optimal process parametric setting for 
hardness and ultimate tensile strength of squeeze cast LM24 alloy by considering the process variables such as 
squeeze pressure, die temperature and pressure duration using taguchi and genetic algorithm tools [11]. Senthil and 
Amrithagadeswaran (2013), made an attempt to improve yield strength of squeeze cast AC2A alloy by considering 
the process variables such as die temperature, die insert material (Copper, brass, stainless steel and spheroidal 
graphite iron), pouring temperature, squeeze pressure and pressure duration by utilizing the taguchi and genetic 
algorithm tools [12]. Syrcos (2003) [13], investigated the influence of die cast process parameters on casting density 
of the AlSi9Cu13 alloy. Abou and El-khair (2004) [14], studied the influence of squeeze pressure on macro and 
micro-structure properties of AlSi6Mg0.3 alloys. The influence of squeeze pressures on density, hardness, ductility 
and tensile strengths of solid and hollow components of the gun metal was studied by Vjian and Arunachalam 
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(2005) [15]. The density, mechanical and microstructure properties of squeeze cast Al-8%Si alloy was studied with 
effects of pouring temperature as an influencing parameter by  Raji and R. H. Khan (2006) [16]. Hajjari and 
Divandari (2008) [17] used squeeze casting process for processing of wrought 2024 aluminium alloy to reduce the 
shrinkage porosities, which occurs  normally in conventional casting processes. Verran et al., (2008) [18] 
investigated the effects of die cast process parameters on density of Al12Si1.3Cu alloy for compressor engines. 
Vijian and Arunachalam (2006) considered surface roughness as an important quality characteristic to analyze the 
influencing process variables such as die temperature, die insert material (copper, cast iron and stainless steel) and 
squeeze pressure using taguchi technique for LM6 alloy [19]. Sutiyoko (2012), indentified pouring temperature is 
one of the important parameter influencing surface roughness during lost foam casting process [20]. Boschetto et al., 
(2007) stated surface roughness is strongly dependent on applied pressure not only in terms of average value but also 
of dispersion, since applied squeeze pressure improves metal-mold interfaces [21]. Bates et al., (1968), identified 
defects appeared on the casting surface affects the machinability during secondary process; furthermore rough
surface reduces fatigue life of steel castings [22]. Vijian et al., (2007) considered die temperature, squeeze pressure 
and die material (die steel, mild steel and cast iron)  to study the influence on surface roughness for squeeze cast 
LM6 alloys using taguchi method and reported die temperature and squeeze pressure are the significant parameters 
which improves surface finish [23]. Form the above literatures it is anticipated that surface finish and casting density 
is influenced by the process variables. Accurate control of these process variables is essential to achieve higher 
casting density and lower surface roughness. So the present work aims for the following two objectives, 1. To 
analyze the effects and to obtain the optimal process parameter settings for surface roughness and casting density of 
LM20 alloy using Taguchi technique. 2. Grey relational analysis is used to obtain single optimal process parameter 
setting for both surface roughness and casting density.
2. Materials and Methods
The quantitative chemical analysis performed using optical emission spectroscopy (OES) to know the exact 
chemical composition used in the present study as per ASTM E1251-07 standard. The obtained chemical 
composition of LM20 alloy is Si-10.41%, Fe-0.287%, Cu-0.177%, Mn-0.526%, Mg-0.175%, Cr-0.017%, Ni-
0.016%, Zn-0.347%, Ti-0.175%, and Al-87.84% by weight.
3. Experimental Methodology
The major parameters influencing the casting density and surface roughness are applied pressure, pressure 
duration, die and pouring temperature. Increase in squeeze pressure and pressure duration improves surface finish 
and casting density but it affects die life and problem with punch retractions are more. Low pressure and pressure 
duration may not be sufficient to eliminate all possible gasses and reduces the metal-mould interface affects both 
casting density and surface finish. Low die and pouring temperature results in pre-mature solidification before the 
pressure is applied and reduces the metal-mould interface, where as high die and pouring temperatures increases the 
cycle time, amount of flash and affects the die life. High density and superior surface finish can be obtained mainly 
by controlling the process variables. Hence in the present work an attempt made using Taguchi parametric design to 
bring the process to an optimal condition by conducting minimum number of experiments. The selection of process 
parameters and levels were chosen after conducting some pilot experiments in the lab and from the available 
literatures. The process parameters and their levels used in the current experimental study are shown in table 1. 
Table1. Process parameters and their respective levels
Process parameters Notation Units Level-1 Level-2 Level-3
Squeeze pressure, (Sp) A MPa       40   80    120
Pouring temperature, (Pt) B    Û&      630 675    720
Die temperature, (Dt) C    Û&      150 225    300
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4. Experimental procedure
The 40 tonne universal testing machine is used to apply the pressure on to the liquid metal poured into the 
cylindrical die cavity by means of punch fitted at the middle of the cross head. The die and the punch are made of 
the H13 hot die steel material and heat treated to a hardness of 45 Rc to withstand high applied pressure. Melt was 
prepared using electrical resistance crucible furnace of 5 kg melting capacity up to maximum of 900Û&'LHSUH-heat 
done through mica strip electric heater of 450Û&PD[LPXPFDSDFLW\--type thermocouple was inserted inside the die 
of about 5 mm from the die cavity. K-type thermocouple along with digital indicator was used to measure the melt 
temperature. Cover flux (45%NaCl+45%KCl+10%NaF) was used to clean the metal and hexachloroethane (C2Cl6) 
tablet was used as a degasser. Experiments were conducted using L9 orthogonal array of Taguchi parametric design. 
A measured quantity of the molten metal is poured into the pre-heated cylindrical die cavity, applying pressure up to 
60 seconds for each casting conditions and the solidified castings were ejected from the die cavity. Two replicates 
were taken and measure the surface finish at three different locations as shown in Fig. 1on each casted sample as per 
reference JIS 2001 standard and using Archimedes principle, the casting density measurement was performed on 
each of the casting samples. The result of both casting density and the surface roughness is presented in table 2.     
5. Taguchi Method
Taguchi method involves reducing the variation in the process through robust design of experiments and to 
achieve high quality product at low cost [24]. In the present work taguchi method has been used to fulfil the 
following objectives: 
1. To find the optimal process parameter setting for each response, 
2. To estimate the percent contribution of each individual factor and
3. To achieve high quality product at low cost
Squeeze pressure, die and pouring temperature were considered in the present study to analyze surface roughness 
and density. Total degrees of freedom for the three parameters each at three levels is 6. The notation E used in 5th
column of table 2 is assigned as an error term. Hence L9 (34) orthogonal array with 9 experimental runs were 
selected (Degrees of freedom=9-1=8). Signal to noise (S/N) ratio is a quality indicator term used in taguchi 
parametric design helps the experimenters and designers to evaluate the effect of change in design parameter on the 
outcome of the product or process [25]. Surface roughness (RaDQGGHQVLW\ȡZHUHFRQVLGHUHGDVWKHperformance 
quality characteristics with the concept of smaller the better and larger the better respectively. S/N ratio of each 
experimental run is calculated for surface roughness and density using equations 1 & 2 respectively. The calculated 
S/N ratios of both the responses were presented in table 2. Where Yi is the response value for a trial condition 
repeated n times.
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Table 2. Experimental observation and S/N ratio for surface roughness and density
                                                                             
Exp.
No
A     B    C    E Surface roughness, Ra (μm) 'HQVLW\ȡJFP3) S/N
Ratio for Ra
S/N
5DWLRIRUȡRa1 Ra2 Ra3 ȡ1 ȡ2
1 1 1 1 1 1.41 1.38 1.32 2.640 2.644 -2.73765 8.438649
2 1 2 2 2 1.28 1.19 1.16 2.648 2.652 -1.66341 8.464910
3 1 3 3 3 1.12 1.16 1.17 2.615 2.621 -1.21549 8.359376
4 2 1 2 3 0.75 0.76 0.71 2.659 2.662 2.611666 8.499261
5 2 2 3 1 0.66 0.67 0.72 2.658 2.655 3.300945 8.486192
6 2 3 1 2 0.81 0.76 0.78 2.656 2.654 2.118081 8.481289
7 3 1 3 2 0.38 0.44 0.40 2.663 2.668 7.798919 8.515562
8 3 2 1 3 0.51 0.46 0.48 2.674 2.676 6.307223 8.546474
9 3 3 2 1 0.34 0.37 0.39 2.670 2.672 8.700954 8.533476
Table 3. Pareto ANOVA for three level factors
Factors    A B C E Total
Sum of factor levels
1 ȈA1 Ȉ%1 ȈC1 Ȉ(1
T2 ȈA2 ȈB2 ȈC2 ȈE2
3 ȈA3 ȈB3 ȈC3 ȈE3
Sum of squares of differences SA SB SC SE ST
Degrees of freedom 2 2 2 2 8
Percentage contribution ratio SA/ST SB/ST SC/ST SE/ST 1
T = ȈA1 + ȈA2 + ȈA3
SA = (ȈA1- ȈA2)2 + (ȈA1- ȈA3)2 + (ȈA3- ȈA2)2
SB = (ȈB1- ȈB2)2 + (ȈB1- ȈB3)2 + (ȈB3- ȈB2)2
SC = (ȈC1- ȈC2)2 + (ȈC1- ȈC3)2 + (ȈC3- ȈC2)2
ST = SA + SB + SC + SE
          Table 4. Pareto ANOVA for Surface Roughness
Factors A B C E Total
Sum at factor levels 1 -5.61655 7.672936 5.687654 9.264250 25.2214
2 8.030692 7.944755 9.649207 8.253587
3 22.80710 9.603545 9.884375 7.703400
Sum of squares of differences 1212.493 6.552724 33.36168 3.760397 1256.168
Degrees of freedom 2 2 2 2 8
Percentage contribution ratio 96.52317 0.521644 2.65583 0.299355
Cumulative contribution ratio 96.52317 97.04482 99.70065 100
Optimum levels A3 B3 C3
           Table 5. Pareto ANOVA for Density
Factors A B C E Total
Sum at factor levels 1 25.26293 25.45347 25.46641 25.45832 76.32519
2 25.46674 25.49758 25.49765 25.46176
3 25.59551 25.37414 25.36113 25.40511
Sum of squares of differences 0.168727 0.023475 0.030697 0.006052 0.228951
Degrees of freedom 2 2 2 2 8
Percentage contribution ratio 73.69576 10.25335 13.40752 2.643368
Cumulative contribution ratio 73.69576 83.94911 97.35664 100
Optimum levels A3 B2 C2
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The procedure used for the computation of Pareto analysis of variance (ANOVA) is presented in table 3. The 
Pareto ANOVA is performed to find out the percentage contribution of each factor towards the responses surface 
roughness and density. The obtained results were presented in table 4 and 5 respectively.  Higher percentage 
contribution of squeeze pressure found for both responses because squeeze pressure forces molten metal close 
enough to the die cavity by eliminating all possible gasses between the metal-mould interface, results in closed 
replica of the die surface finish and improves heat transfer rate results in high casting density values. For the 
response surface roughness, percentage contribution of pouring temperature is negligible and for the response 
density a significant contribution of die and pouring temperature to improve the casting density values was observed. 
Furthermore, Pareto ANOVA suggests the optimal levels A3B3C3 and A3B2C2 for surface roughness and density 
respectively. It must be interesting to note that the obtained optimum levels were not among the combination of 9 
different casting conditions tested. This was expected because of the multi-factor nature of 9 experiments conducted 
from 33 = 27 combinations [9]. For studying the parametric significance ANOVA was performed for both surface 
roughness and density shown in table 6. Table 7 shows the response variation of each factor when the factor shifts 
from level 1 to level 3. 
   Table 6. ANOVA for Surface Roughness and Density
Responses Surface Roughness Density
Sources of 
variation
Sum of squares 
of differences
Degrees of 
freedom
Mean 
square
Variance Sum of squares 
of differences
Degrees of 
freedom
Mean 
square
Variance
A 1212.493 2 606.2465 322.4375 0.168727 2 0.084364 27.87954
B 6.552724 2 3.276362 1.742562 0.023475 2 0.011738 3.878883
C 33.36168 2 16.68084 8.87185 0.030697 2 0.015349 5.072208
E 3.760397 2 1.880199 0.006052 2 0.003026
Total 8 8
From table 7 higher S/N ratio obtained for all factors at level 3 for the surface roughness indicate that superior 
surface finish can be obtained using the combination of A3B3C3 parameters. Similarly higher S/N ratio obtained at 
level 3 for squeeze pressure, level 2 for pouring and die temperature indicate that high dense components can be 
obtained using combination of A3B 2C2 parameters. 
             Table 7. Average effect of responses using S/N ratio
Surface Roughness Density
Levels A B C E A B C E
1 -1.872 2.556 1.896 3.088 8.4231 8.4845 8.4888 8.4861
2 2.676 2.648 3.216 2.751 8.4889 8.4991 8.4992 8.4873
3 7.602 3.201 3.295 2.567 8.5318 8.4580 8.4537 8.4684
Max-Min 9.474 0.645 1.399 0.521 0.1087 0.0411 0.0453 0.0189
Rank 1 3 2 1 3 2
5.  Grey Relational Analysis
The purpose of grey relational analysis used in the present study is to obtain the single optimum process 
parameter setting for both the responses surface roughness and density of LM20 alloy. The system in which the 
information is completely known is referred as white system, while the information is completely unknown is known 
as black system. Any system which lies between these two limits is called as grey system [26]. Grey relational 
analysis is the normalization evaluation technique in which the S/N ratio of each response is normalized between 
zeros to one. The next step is to calculate the deviation sequence using an ideal value 1 for the normalized responses. 
The grey relational co-efficient can be calculated using equation 3. Finally the grey relation grade is calculated by 
taking an average grey relation co-efficient of surface roughness and density. Higher grey relation grade need to be 
chosen as an optimal process parameter setting for both the response and obtained at experimental number nine 
casting condition as shown in table 8.
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min max
oi max
                                                                                                            €                               .Grey relation coefficient (  3)
€.
 ''
'
 
 '
:KHUH ǻmin LV ]HUR ǻmax is one, € is distinguishing coefficient is 0.5 and ǻoi is the deviation sequence of the 
experimental trials.
             Table 8. Multi response optimization using grey relational analysis
Exp.
No
S/N Ratio Data pre-processing Deviation sequence Grey relation coefficient Grey relation 
gradeRa ȡ Ra ȡ ǻo1 ǻo2 Ra ȡ
1 -2.73765 8.43865 0.00000 0.42369 1.00000 0.57630 0.33333 0.46455 0.39894
2 -1.66341 8.46491 0.09391 0.56406 0.90609 0.43594 0.35556 0.53422 0.44491
3 -1.21549 8.35937 0.13307 0.00000 0.86693 1.00000 0.36578 0.33333 0.34956
4 2.611666 8.49926 0.46765 0.74766 0.53234 0.25234 0.48433 0.66459 0.57446
5 3.300945 8.48619 0.52791 0.67781 0.47209 0.32219 0.51436 0.60813 0.56124
6 2.118081 8.48129 0.42450 0.65160 0.57550 0.34840 0.46490 0.58934 0.52712
7 7.798919 8.51556 0.92114 0.83478 0.07886 0.16522 0.86377 0.75163 0.80770
8 6.307223 8.54647 0.79073 1.00000 0.20927 0.00000 0.70495 1.00000 0.85248
9* 8.700954 8.53348 1.00000 0.93053 0.00000 0.06947 1.00000 0.87801 0.93900
6.  Confirmation experiments
The confirmation experiments conducted for the suggested optimal process parameter setting and the measured 
surface roughness and density values were presented in table 9. Superior surface finish and density values were 
achieved compared to the L9 experiments performed earlier. However the drawback of taguchi analysis was 
overcome using grey relational analysis and yields better surface finish and density values.  
        Table 9. Confirmation experiments for Taguchi and Grey relational analysis
Methodology Responses Optimum levels Average experimental values
Taguchi analysis Surface Roughness A3B3C3 0.316 μm and 2.661 g/cm3
Density A3B2C2 2.678 g/cm3 and 0.43 μm
Grey relational analysis Surface Roughness and Density A3B3C2 0.367 μm and 2.671 g/cm3
7.  Conclusion
Following conclusions were drawn from the current experimental study, 
1. Taguchi parametric design is adopted for the squeeze cast technology to yield high dense components and 
superior surface finish by conducting minimum number of experiments. L9 orthogonal array was adopted to 
perform the experiments, quality indicator term S/N ratio, Pareto ANOVA was performed to find out the 
optimum levels and significant contribution of each individual factor towards the responses. Confirmation 
experiments conducted at optimum levels as suggested by the taguchi method. Taguchi off-line quality 
control tool found to be an effective tool for optimization of squeeze cast process parameters to achieve 
high surface finish of about 0.316 μm and yields high dense components of about 2.678 g/cm3. 
2. The squeeze pressure acts as a major contributing parameter for both surface finish and density because the 
applied pressure push the molten metal to accommodate close to the die surface results in closed replica of 
the die surface finish and improves the heat transfer rate between metal-mould interfaces yields higher 
casting density approximately equal to theoretical density (2.68 g/cm3) of LM20 alloy.   
3. Grey relational analysis performed to obtain the single optimal process parameter setting for both the 
responses. Grey relational analysis suggested an optimal process parameter setting namely squeeze 
pressure at 120 MPa, die temperature at 225Û&DQGSRXULQJ WHmperature at 720Û&UHVSHFWLYHO\ WRDFKLHYH
smooth uniform surface finish of about 0.367 μm and high dense cast components 2.671 g/cm3. 
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